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3Abstract
It is commonly believed that elephants exhibit only one gait, a lateral sequence
walk. However, recently there have been several interesting studies on the footfall
patterns of adult African elephants (Loxodonta africana). Scientists have recognized that
elephants actually exhibit two patterns of locomotion: a lateral sequence walk and an
amble. The amble is a slight modification of the lateral sequence gait. The present study
extends this work by examining the relationship between gait and speed in African
elephant calves at the Indianapolis Zoo. I collected frame-by-frame observational video
data from a newborn calf born at the Indianapolis Zoo across a six-month period (from
the calfs birth, July 20, 2011, to February 3, 2012). I also analyzed samples of archived
videotaped gaits of four other elephant calves born at the Indianapolis Zoo between 2000-
2006 and five adult elephants residing at the Indianapolis Zoo sometime during the
period 1989-2012. Gait diagrams showed the existence of various gaits for African
elephant calves moving on level ground: a lateral sequence walk, an amble, and a
walking trot, the latter occurring only at the slowest speeds. This suggests that the trot
occurs selectively to maintain static stability when an elephant calf is moving very
slowly, especially when the calf is unsteady on its feet. However, the adult elephants only
exhibited two gaits on level ground, a lateral sequence walk and an amble. When
comparing all the elephants across a large age span (birth to 40 years), the duty factor
increased with age for the lateral sequence gait, but decreased with age for the trot.
4Various Gaits of African Elephant Calves
History and Importance
This thesis focuses on the gaits of a large quadrupedal mammal: the African
elephant (Loxodanta africana). A gait is "an accustomed, cyclic manner of moving in
terrestrial locomotion," (Hildebrand, 1977). Etienne-Jules Marey (1874; see also Braun,
1992) and Eadweard Muybridge (1899/1957) conducted the first photographic
(kinematic) studies of animal gaits in the late 1800's: Both recorded the gaits of
elephants. Muybridge (1899/1957) used an array of several cameras to record the
movements of animals. From a series of still photographs, he named eight gaits for
quadrupeds defined by different footfall patterns (Muybridge, 189911957). His
descriptions of such gaits have held up over time. However, research on quadrupedal
locomotion has exploded within the past fifty years (Alexander, 2003; Biewener, 1989;
Biknevicius & Reilly, 2006; Blumberg-Feldman & Eilam, 1995; Cavagna, Heglund, &
Taylor, 1977; Genin, Willems, Cavagna, Lair, & Heglund, 2010; Hildebrand, 1976)
leading to a vastly improved understanding of the relationships among gaits.
Researchers initially found gait analysis interesting because it provided a way of
correlating size, form, and body structure with specific characteristics of locomotor
behavior (Hildebrand, 1966). However, more recent studies have focused on the
relationship between brain structure and quadrupedal gaits. Specifically, researchers are
beginning to view gait analysis as a way of quantifying the output of the neuromotor
system's body movement commands (Biknevicius & Reilly, 2006). These quadrupedal
neural circuitry systems are particularly interesting because they are similar to the central
pattern generators of humans (Dietz, 2002; MacLellan, Ivanenko, Cappellini, Labini, &
5Lacquaniti, 2011). In fact, several studies suggest that human infants exhibit typical
quadrupedal gaits while crawling (Patrick, Noah, & Yang, 2009; 2012).
Gait Information
There are two main perspectives for analyzing gaits: kinematics and kinetics.
Kinematics concentrates on the animal's footfall pattern and gait sequence, while kinetics
focuses on the energy changes involved in animal locomotion. Researchers emphasizing
kinematics distinguish gaits in terms of the sequence of footfalls (foot down) and the
footlifts (foot up) during locomotion. A stride consists of a stance phase (foot on the
ground) and a swing phase (foot off the ground). The time between two consecutive
footfalls of the same foot is called the stride duration (Hildebrand, 1976). There are two
principle classes of gait: symmetrical and asymmetrical. In a symmetrical gait, the
corresponding left and right feet (whether forefeet or hindfeet) land with evenly spaced
footfalls. The left and right limbs are making the same movements, 180 degrees out of
phase. In other words, the right hindfoot lands halfway through the stride defined by the
left hindfoot, and the right forefoot lands halfway through the stride defined by the left
forefoot. Examples of symmetrical gaits include the pace, lateral sequence walk, amble
and trot. Before discussing asymmetrical gaits, it is important to note the ongoing debate
involving the differences in a lateral sequence walk and amble. A lateral sequence walk is
a non-aerial phase gait with a footfall sequence pattern of left hind 7 left fore 7 right
hind 7 right fore. An amble exhibits the same footfall sequence pattern as the lateral
sequence walk, however the forelimbs and hindlimbs undergo separate, non-overlapping
aerial phases, with the feet striking the ground independently rather than in pairs
(Schmitt, Cartmill, Griffin, Hanna, & Lemelin, 2006). When elephants increase speed,
6they shift from a lateral sequence walk to an amble (Hutchinson, Famini, & Kram, 2003),
which allows the elephant to keep at least one foot on the ground (Schmitt, et al., 2006).
Even though there are fewer feet on the ground during an amble than a walk, an amble is
still not considered a running gait because it does not include a whole-body aerial phase
(Robilliard, Pfau, & Wilson, 2007). However, "the classification of ambling as a type of
walking or running has been debated since ambling shares characteristics with both
symmetrical gait categories." (Schmitt et al., 2006, p. 2043). Kinematic evidence
suggests that an amble is a type of walk, since there is no whole-body aerial phase
(Robilliard et al., 2007). However, kinetic evidence supports the idea that an amble is a
type of run because of the exchange of potential and kinetic energy (Biknevius & Reilly,
2006). Thus elephants change gaits when moving quickly, although these changes may
be gradual (Hutchinson et al., 2003; Hutchinson, Schwerda, Famini, Dale, Fischer, &
Kram, 2006; Ren & Hutchinson, 2008). In an asymmetrical gait, at least one pair of left
and right limbs moves with unevenly spaced footfalls. Examples of asymmetrical gaits
include gallops and bounds (Hildebrand, 1977). Some of these footfall patterns are
routinely used whereas other patterns are rarely seen (Hildebrand, 1976; Robilliard et aI.,
2007).
There is a long tradition of interest in the characteristics of quadrupedal
locomotion (Borelli, 1743/201 0; Gray, 1968; Howell, 1944; Magna de la Croix, 1936;
Manter, 1938; Marey, 1874; Muybridge, 189911957), specifically regarding the
interaction between gait and speed (Hildebrand, 1989; Hoyt & Taylor, 1981; Hoyt,
Wickler, Dutto, Catterfeld, & Johnsen, 2006). Hildebrand (1965, 1966, 1976, 1977, 1980,
1989) developed a system for defining symmetrical gaits using only two parameters: duty
7factor and phase lag. Duty factor is the ratio of support or stance duration to stride
duration (Biewener, 1983). The phase lag (also known as diagonality: Cartmill, Lemelin,
& Schmitt, 2002; Schmitt et al., 2006) is the proportion of the stride duration by which
the footfall of a forefoot lags behind that of the ipsilateral hindfoot (Hildebrand, 1980).
Figure 1 shows the original gait diagram suggested by Hildebrand (top) as well as a
modified gait diagram suggested by Cartmill et al. 2002 (bottom). I used the modified
gait diagram because the axes cross at [0, OJ.
Duty factor is a critical component of kinematic analyses of gaits. Itmost
commonly scales inversely with speed and the relationship between duty factor and speed
is approximately linear at slow speeds. Therefore, it is frequently used as a proxy for
locomotor speed (or, more technically, velocity: Biewener, 2003; Demes, Larson, Stern,
Jungers, Biknevicius, & Schmitt, 1994). Hildebrand (1965) specifically characterized
running as involving a duty factor below 0.5 and walking as involving a duty factor
above 0.5. Hildebrand's classification of gaits is a simple and straightforward system.
More recent studies show that the distinction between walking and running is
much more complex. At least four different criteria may be used to distinguish running
from walking (Hutchinson et al., 2003). Some criteria are related to kinematics
(mentioned above), while others concern the movement of the center of mass (COM) and
energy exchange, a perspective known as kinetics (described in detail below; Biknevicius
& Reilly, 2006). In addition, although the earliest descriptive systems suggested that gaits
were discrete categories of movement, more recent research indicates that it may be more
useful to consider gaits as varying along a continuum (Hildebrand, 1966; Robilliard et al.,
2007).
8The animal's biomechanics help it defy gravitational pull by using muscular
forces against the ground to raise and accelerate the center of mass (COM). When
locomotion is at a constant speed, the gravitational potential energy and the kinetic
energy of the COM oscillate between maximum and minimum values (Cavagna et a!.,
1977). Animals use the exchange of kinetic and potential energies to reduce the amount
of power the muscles are required to produce. According to Biewener (1989) the mass-
specific cost of transport, the energy consumed by muscle to move one gram a given
distance, decreases with increasing body size. For example, an elephant moves about 40
times more efficiently than a mouse (Langman et a!., 1995). Thus, compared to other
quadrupeds, elephants move very effectively.
Animals may store and recover energy within each stride in two ways: 1)
exchange gravitational potential energy and kinetic energy during movement, with the
legs acting as inverted pendulum or 2) exchange mechanical energy stored in muscle's
elastic elements for both kinetic and gravitational energy, as in a spring (Cavagna et a!.,
1977). Slower gaits are often associated with the inverted pendulum locomotion (i.e.
lateral sequence walk), while faster gaits are associated with the spring-like mechanism
(i.e. amble). Both of these mechanisms "reduce muscle work and energy cost" (Biewener,
1983, p. 76).
However, animals do not always use the most energy efficient gaits when moving.
Sometimes, ecological relevance is more important than saving energy: For example,
food resource acquisition (Bishop, Pai, & Schmitt 2008), predator avoidance,
participation in social interactions critical for survival and reproduction (Reilly, McElroy,
9& Biknevicius, 2007), and the nature of the substrate (Cappellini, Ivanenko, Dominici,
Poppele, & Lacquantiti, 2010; Clark & Higham, 2011) influence gait selection.
Elephant Information
Today there are only two living genera in the order Proboscidea: Loxodonta
africana (the African elephant) and Elephas maximus (the Asian elephant). There are two
subspecies of the Loxodonta africana: Loxodonta africana africana (savanna and
woodland elephant) and Loxodonta africana eyelotis (forest elephant of central and
western Africa). There are three subspecies of the Elephas maximus: Elephas maximus
maximus (located in Sri Lanka), Elephas maximus indicus (located in India, Indochina,
and Borneo), and Elephas maximus sumatran us (located in Sumatra: Haynes, 1991).
The Loxodonta africana africana species grows from about 100 kg to 4,500 kg in
mass and about 90 em to 3.5 m in shoulder height during its lifespan. As the elephant
ages, its hind legs become more robust than its fore legs (Miller, Basu, Fritsch,
Hildebrandt, & Hutchinson, 2008) despite the fact that the fore legs support most (60%)
of the animal's body weight (Genin et al., 2010). The elephant's leg structure is called
graviportal because it is designed primarily to support the animal's mass at rest
(Biewener, 2003). Because of their large size and graviportal structure, elephants have
typically been categorized as non-running, or non-cursorial, animals (Ren & Hutchinson,
2008).
As mentioned earlier, most field researchers believe that elephants have only two
basic gaits-the lateral sequence walk (Estes, 1999) and the amble (Shoshani, 2000).
Kinematic evidence supports this view (Genin et al., 2010; Hutchinson et al., 2003;
2006). In addition, growing evidence using biomechanical indices of elephant movement
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(kinetics), suggests they change from moving four legs like inverted pendulums (the
lateral sequence walk) at low velocities, to moving with one pair of legs continuing to act
like inverted pendulums and the other pair of legs moving like springs (the amble;
Biewener, 2006; Hutchinson et al., 2006; Genin et al., 2010; Ren & Hutchinson, 2008) at
higher velocities.
Recent studies conducted at the Indianapolis Zoo suggest that elephant calves
exhibit more varied gaits than adults, at least on level ground (Dale & Noble, 2005; Dale,
Warren, Ward, & Noble 2011). These findings relate to other studies that focus on gait
changes during physical development. Specifically, studies of cats and several species of
rodents found that quadrupeds employ transient modes of locomotion during postnatal
development in accordance with changes in body morphology (Howland, Bregman, &
Goldberger, 1995; Blumberg-Feldman & Eilam, 1995; Eilam, 1997). Other studies found
that human infants and adults show different patterns of interlimb coordination when
crawling and that infant crawling conforms either to a quadrupedal lateral sequence gait,
or a trot-like sequence (MacLellan et al., 2011; Patrick, Noah, & Yang, 2009; 2012).
These studies show, across several species, that gaits may change during development.
The latter brings us to the present study.
Current Study
This study explores the relationship between gait and speed for African elephant
(Loxodonta africanai calves. Specifically, the goals of this thesis are:
1. To demonstrate the existence of various gaits for African elephant calves at the
Indianapolis Zoo.
2. To assess the range of duty factors over which each gait occurs.
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There are two possible outcomes of this research: that elephant calves display different
gaits at different duty factors (like horses: Hoyt & Taylor, 1981) or that they display more
than one gait across the same broad range of duty factors. The latter would be unusual.
My hypothesis is that as duty factor decreases and speed increases, an elephant calfs gait
will change from a lateral sequence walk to an amble.
Methods
Subjects
The data for my thesis were obtained on a female African elephant calf, Kalina,
born (July 20, 2011) and housed at the Indianapolis Zoo. Kalina's results were compared
with data collected earlier from four other African elephant calves raised in the
Indianapolis Zoo: two females, Amali and Zahara (born respectively on March 6, 2000
and August 31, 2006), and two males, Ajani and Kedar (born respectively on August 4,
2000 and October 18, 2005). Because of the low number of observations for each of
those four calves, their results were combined for analysis. Kalina's data The data for
Kalina and for the other four calves were compared with data obtained from five female
adult African elephants between the ages of 13 and 40 years residing at the Indianapolis
Zoo sometime during the period 1989-2012: Cita (born in Africa, 1969), Ivory (born in
Zimbabwe, 1982), Kubwa (born in Mozambique, 1976), Sophi (born in Uganda, 1968),
and Tombi (born in Africa, 1976: Olson, 2011).
Exhibit
The African elephant facility at the Indianapolis Zoo consists of a large barn, two
public exhibit areas (the "cow" and "bull" exhibit), two holding (exercise) yards, and two
small transfer yards where the elephants stay briefly. The main (cow) exhibit occupies an
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area of about 4,999 m2 and contains a pool as well as three clusters of trees on a hillside.
The elephants travel on level paths at the top and bottom of the hill and on sloped paths
between the top and the bottom of the hill. The cow exhibit is covered partly with grass
and partly with a dirt surface. Some paths have slopes between 6-9 degrees, or grades of
10-16% using the terminology applied to roads. The bull exhibit is about 6S4 m2 in area.
It is flat, with a dirt surface and a pool at one end. The cow and bull holding yards are flat
with dirt surfaces and are used to train and exercise the elephants. Both yards contain a
variety of objects (toys for enrichment, such as a tree trunk, tractor tire, and a large
rubber ball). The cow holding yard is about 428 m2 in size and the bull holding yard
occupies about S42 m". Most of the samples of locomotion by Kalina were obtained in
the two public exhibits. However, some behavior samples were collected in the cow
holding yard, especially during the first eight days after Kalina's birth.
Materials
To observe the elephants at the Indianapolis Zoo, various digital video cameras
(Sony DCR-TRV6/TRV111TRV20, Sony DCR-HC32/HC42, Sony HDR-
CXSSOV/XRSSO/XRSSOV, Sony HDR-XR100/XRJOI/XR200/XR200V) and Sony
DVM60EX2 Mini DV tapes were used. These cameras also took still shots, which were
stored on Sony Memory Sticks, during recording periods. A television monitor and Sony
GV-I 000 (mini) Digital Video Cassette Recorder were used to view the behavior
samples. The coded data derived from these samples were stored in Microsoft Excel on a
Macintosh computer (Mac OS X, Version 10.S.8).
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Procedures
I completed a course at the Indianapolis Zoo to become a volunteer, which gave
me access to all areas of the zoo, whether the zoo was opened or closed to the public,
This research was carried out with the permission of the Indianapolis Zoo and with the
approval of Butler University's IACUC (Protocol 139 October 25,2010; Protocol 142
July 19,2011).
This longitudinal study was conducted at the Indianapolis Zoo over a six-month
period (July 21, 2011 to February 3, 2012). I recorded most of the samples of Kalina's
locomotion when she was moving as part of her daily routine, rather than being led by a
keeper. However, some samples, especially when Kalina was very young, were collected
in the cow holding yard while Kalina followed her mother, Kubwa, who was being led by
a keeper. I specifically collected samples of locomotion on Kalina where she was moving
at a constant speed for at least two strides (usually three consecutive left hind footfalls;
twice, three consecutive right hind footfalls). I studied Kalina's locomotion using the
same behavioral criteria used to analyze samples of the other four elephant calves born at
the Indianapolis Zoo from 2000-2006 (data collected under prior protocols that were
approved by Butler University).
Observers used a consistent scoring system to categorize gaits. We used closed
circles to represent footfalls, and open circles to represent footlifts (Figure 2). A gait was
considered to be constant when the stride durations for the four limbs over two
consecutive strides (eight observations) differed by less than 10%. All samples were
taken on level ground. The timings of the footfalls and footlifts for each limb within a
sample were derived from a frame-by-frame analysis of the videotapes. Individual frame
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analysis was used to identify footfalls and footlifts. A footfall is defined as the first
stationary contact with the surface of the ground at the beginning of a stance. A footlift is
defined as the last stationary contact with the surface of the ground at the end of a stance
(Figure 3). "Stationary" is especially noteworthy because occasionally a calf would slide
its foot forward while landing heel-first or slide its toes 011 the ground after a footlift.
I calculated three measures of locomotion: stride duration, stance duration, and
lag. The stride duration is the number of frames between two consecutive footfalls of the
same foot. The stance duration is the number of frames between a footfall and the
following footlift of the same foot. These two measures were used to calculate the duty
factor for each limb (stance duration divided by stride duration). The duty factor was
used as a proxy for the locomotor speed of the elephant. The lag is the number of frames
between the footfall of one limb (hind or fore) and the next footfall of the other limb on
the same side of the body (ipsilateral). I divided the lag by the stride duration to calculate
phase lag (also called diagonality e.g. Schmitt et aI., 2006).
In order to ensure that observers used the same criteria for footfalls and footlifts,
inter-rater reliability was calculated for Kalina's data. Two observers, working
independently scored four of the two-stride samples. A two-stride sample produced 20
observations: three footfalls for each of four feet and two foot lifts for each of four feet.
Two observers were considered to be in agreement when their timing of a footfall or
footlift differed no more than one-thirtieth of a second (0-1 frames). Inter-rater reliability
(percentage of observations on which two observers agreed) was above 96%.
Chi-square tests (Cochran, 1952: criterion a = 0.05) were used to test some non-
parametric statistical hypotheses regarding contingency tables and t-tests (criterion a 0=
....
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0.05, two-tailed test) were used to assess the significance of the Pearson product-moment
correlation between variables (Field, 2009).
Results
All of the data reported were collected from animals moving at a steady speed for
at least two strides on level ground. Following the simplified notation of Biknevicius &
Reilly (2006), I defined a trot as having a phase lag between 0.375 and 0.625 and a lateral
sequence walk as having a phase lag between 0.125 and 0.375. The amble has a lower
duty factor than the lateral sequence walk, but they both have the same range of phase
lags. From Day 1 to 198 days of age, Kalina exhibited a lateral sequence walk or the
closely related amble, most of the time (n = 59). However, she also displayed several
trots (n = 9). Data from the other four calves (ages 3-190 days) yielded similar results
(lateral sequence walk: n = 42; trot: n = 9). However, the five adult elephants (ages 13-40
years) exhibited only a lateral sequence walk and amble (n = 40). They never trotted
during excursions of two strides or more on level ground (see Discussion). Figures 4, 5,
and 6 show the modified gait diagrams for Kalina, for the other four calves and for the
five adults, respectively. I have reversed the duty factor and phase lag (diagonality) axes
so that they correspond to the terminology used by Cartmill, Lemelin, and Schmitt (2002)
and Schmitt et al. (2006). With their terminology, the x- and y-axes intersect at [0, OJ.
The gait diagram for Kalina resembles that for the other four calves between birth and six
months of age, but both differ dramatically from the adults' gait diagram. In particular,
the calves exhibit a trot whereas the adults do not, and the calves appear to trot only when
traveling slowly, with a high duty factor.
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To see if there was a significant difference between the duty factors at which
Kalina trotted and exhibited a lateral sequence walk, I constructed a 2 x 2 (Gait by Duty
Factor) contingency table. The gait categories were trot and lateral-sequence walk; the
duty factor categories were "Above the median duty factor" and "Below the median duty
factor" (a split-half analysis). The trots occurred selectively at the highest duty factors
2
(Table 1: X (1) = 10.4, p <0.01). However, because multiple samples were taken on
some days, I recognized that the selected observations might not have been independent.
Therefore, in order to increase the likelihood that my analysis would involve independent
observations, I performed a second chi square analysis using only one gait sample of a
lateral sequence walk and one gait sample of a trot per observation day (lateral sequence
walk, n = 18; trot, n = 7). On days with multiple observations, I selected that day's
median duty factor for each gait (lateral sequence walk and trot). The second split-half
chi square test also yielded significant results (Table 1:X2 (1) = 8.97, p <0.01). A similar
analysis for the other four calves indicated that they, too, trotted only at the highest duty
. 2factors (Table 2: X (1) = 8.29, p <0.01).
In order to test for an overall relationship between age and duty factor for both
gaits, I used the observations for all elephants of all ages (N = 221: Trot = 30, Lateral
Sequence Walk = 171). Age was scaled by creating age categories of 36-37 days (tenths
of a year) over the first two years, age categories of 182-183 days (half of a year)
between ages 2-10, and full-year categories for animals older than 10 years. Because the
adult elephants always used a lateral sequence walk, I first performed the analysis for
lateral sequence walks on level ground. The correlation between duty factor and age for
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all elephants exhibiting a lateral sequence gait (n = 171) was positive and statistically
significant, t (169) = 8.125, P < 0.00001 (r = 0.530, slope = 0.004, intercept = 0.585;
Figure 7). The correlation between duty factor and age for all elephants exhibiting a trot
gait (n = 30) was negative and statistically significant, t(28) = -2.513, P < 0.02 (r = -
0.429, slope = -0.012, intercept = 0.718; Figure 8). In sum, there were significant
correlations between age and gait duty factor for both the trot and the lateral sequence
gait, although the duty factor for the lateral sequence walk increased with age and the
duty factor for the trot decreased with age.
Discussion
This study supported my first hypothesis by successfully demonstrating existence
of various gaits (lateral sequence walk, amble, and trot) on a level surface for Kalina. By
assessing the range of duty factors over which each gait occurred, I found that trots
occurred only at the highest duty factors (slowest movement). The latter did not support
my hypothesis that elephant calves would transition from a lateral sequence walk to an
amble as speed increased. In order to understand why elephant calves exhibit such varied
gaits, we must examine why quadrupeds switch gaits in general.
There are two reasons why quadrupeds switch gaits: 1) to save energy 2) to
increase stability (Alexander, 2003). The prior is an unlikely reason why elephant calves
switch gaits because the trot is very costly gait (i.e. horses, Hoyt & Taylor, 1981).
Therefore, stability factors may help explain why elephant calves exhibit trots at the
lowest speeds. Alexander (2003) discussed two forms of stability: static equilibrium and
dynamic equilibrium. A statically stable gait is one in which the center of mass (COM)
remains within the triangle of support formed by having three legs on the ground at all
18
times (duty factors of at least 0.75: Alexander, 2003). The only known gait that facilitates
static stability is the lateral sequence walk (McGhee and Frank, 1968). Static equilibrium
may be a critical factor in explaining why elephant calves trot at very slow speeds (duty
factor range = 0.69-0.80).
I could not find any studies of mammals moving at very slow speeds. In fact,
Hildebrand (1976) suggested that no mammals exhibit duty factors above 0.75. However,
chelonians (Turtles and Tortoises) travel more slowly, with a higher duty factor (0.75-
0.83), than any mammals (with the possible exception of the elephant). Therefore, their
behavior may help us understand why elephant calves switch to a trot at very slow
speeds. Jayes and Alexander (1980) reported that turtles use a gait approximating a trot
even though, in theory, a lateral sequence gait would be more stable. However, they also
showed that if a turtle used a lateral sequence gait, it would experience sudden large
changes in the forces on their feet with each footfall. Jayes and Alexander (1980) showed
that when turtles trot, the forces on their feet vary more smoothly. Perhaps elephant
calves trot when moving very slowly to reduce the stresses on their legs, especially if the
animal is unsteady on its feet. As elephants get older, their instability may decrease over
time.
Finally, gait diagrams for all of the elephants (five calves and five adults) showed
that the duty factor for a lateral sequence walk increased with age, while the duty factor
for a trot decreased with age. It is not clear why this happened. This should be an area for
further investigation.
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Original Hildebrand (1976) Gait Diagram
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Figure 1. Original Hildebrand (1976) gait diagram (top), and the modified gait diagram
(bottom) using the gait definitions suggested by Biknevicius and Reilly (2006) and the
reversed axes suggested by Cartmill et al. (2002). The areas of the diagram occupied by
elephant trot (Filled oval) and lateral sequence gaits (Stippled oval) as presented by
Hildebrand (1976) are shown on the diagram, as is the area that Schmitt et al. (2006) refer
to as an "amble" (Triangle). A Phase Lag of 0.5 corresponds with a Diagonality of 50
(Schmitt et aI., 2006).
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Data Sample
LF t.H
Figure 2. Two-stride data sample of Kalina's footfall (closed circle) and footlift (open
circle) patterns on August 3, 2011 (LH = Left Hind Foot, LF = Left Fore Foot, RH =
Right Hind Foot, RF = Right Fore Foot).
26
Elephant Footfalls and Footlifts
Left Hind Down Right Hind Down Left Hind Up
Figure 3. Footfalls and footlifts of forefeet and hindfeet. Photos of African elephants at
the Indianapolis Zoo taken by Dr. Robert Dale.
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Gait Diagram: Kalina
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Figure 4. Modified Gait Diagram for Kalina during her first six months of life. The red
squares represent the trots and the blue diamonds represent the lateral sequence walks
(LS Walks).
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Gait Diagram: Four Calves
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Figure 5. Modified Gait Diagram for the other four calves (Ajani, Amali, Kedar, and
Zahara) when they were under 6 months of age. The red squares represent the trots and
the blue diamonds represent the lateral sequence walks (LS Walks).
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Gait Diagram: Adult Elephants
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Figure 6. Gait Diagram for five adult elephants (Ages 13-40 years) walking on level
ground. They always used the lateral sequence (LS) walk (blue diamonds).
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Duty Factor By Age: Lateral Sequence Walk
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Figure 7. Duty factor (mean of hind limbs) for all elephants engaged in a lateral sequence
walk. The correlation = 0.530, the slope = 0.004202, and the intercept = 0.585.
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Duty Factor byAge for All Elephants:
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Figure 8. Duty factor for all elephants engaged in a trot. The correlation = -0.42915, the
slope = -0.01173, and the intercept = 0.7183.
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Table 1
Chi Square Contingency Table for Kalina
Gait
utv Factor
Low High
Trot 0(0) 9 (7)
Lateral Sequence 34 (12) 25 (6)
D
Note. Contingency Table comparing gaits for samples with high and low duty factors For
duty factor, "Low" means below the median of all observations and "High" means above
the median of all observations. The first number in each cell is based on all observations
made for Kalina. The numbers in parentheses represent data obtained with the restriction
of taking only one lateral sequence gait sample and only one walking trot sample from
each day.
